T he metabolic pathways of cancers have recently been recognized as novel targets for selective chemotherapy because proliferating cancer cells exhibit remarkably distinct metabolic requirements compared to the normal differentiated cells. 1À3 In particular, altered lipid metabolism including cholesterol is an emerging target for aggressive cancers. 4À8 Since cholesterol is an essential component for the cell membrane and for signaling molecule synthesis, cancer cells require large amounts of cholesterol for their development and growth. 9 Lipid metabolic reprogramming allows cancer cells not only to obtain substantial cholesterol through low-density lipoprotein (LDL) uptake and de novo biosynthesis, 10 but also to accumulate cholesterol into their intracellular lipid reservoir, namely lipid droplets, after converting cholesterol to cholesteryl esters. 11 Because high intracellular cholesterol levels induce cytotoxicity, cholesterol esterification by acylCoA cholesterol acyltransferase-1 (ACAT-1) is a key process in cells. 12 Blocking ACAT-1 activity by inhibitors reduced levels of cholesteryl esters in cancer cells and suppressed cancer proliferation with no obvious negative effects to normal cells. 13À16 These results show great potential for targeting ACAT-1 for cancerselective therapy. Notably, a number of ACAT-1 inhibitors have been developed as hypolipidemic and antiatherosclerotic drugs. 17, 18 However, almost all inhibitors are hydrophobic compounds that were administered orally to target hepatic ACAT-derived cholesteryl esters such as very low density lipoprotein (VLDL), resulting in low blood-bioavailability of the inhibitors. 19À21 Although intraperitoneal administration of an ACAT-1 inhibitor, avasimibe, in DMSO with a surfactant has shown antitumor effects, this method is inappropriate for clinical application. 7 Therefore, to repurpose ACAT-1 inhibitors as cancer chemotherapy agents, a formulation that effectively and safely delivers the inhibitor to the tumor is essential.
Here we report a systemically injectable and clinically viable nanomedicine that targets ACAT-1 and depletes cholesteryl esters for selective cancer chemotherapy. We employed a potent ACAT-1 inhibitor, avasimibe, 22À24 and encapsulated it with human serum albumin (HSA) to create a highly water-soluble nanosized formulation, named avasimin. Using labelfree Raman spectromicroscopy, we determined the cholesteryl ester-depletion capacity of avasimin for different human cancer cell lines. Furthermore, we characterized the blood-bioavailability and tissuedistribution of avasimibe following intravenous administration of avasimin. The antitumor effects and survival benefits of avasimin in mouse models of human prostate and colon cancers were demonstrated. In vivo safety of avasimin was shown through hematological and histological analyses, and through evaluation of lipid droplet compositions in lipid-rich organs such as liver and adrenal glands.
RESULTS
Water-Soluble Avasimibe Formulation. To develop an injectable and cancer-selective avasimibe formulation, we utilized human serum albumin (HSA) due to its high biocompatibility and binding capability for hydrophobic molecules. 25, 26 We first characterized the binding property of avasimibe to HSA by circular dichroism (CD) and fluorescence spectroscopic analyses. As shown in Figure 1a , the CD spectra of HSA exhibited two negative bands in the ultraviolet region at 208 and 222 nm, which is characteristic of the R-helical structure of protein. 27, 28 By adding avasimibe, however, the intensities of the negative CD bands decreased notably, until the avasimibe:HSA molar ratio reached 33:1. The peak intensity change at 208 nm as a function of the avasimibe:HSA molar ratio was clearly shown (inset in Figure 1a ). This decrease in the R-helical content indicates the binding of avasimibe to HSA. Also, fluorescence quenching of the single tryptophan residue, Trp-214, ( Figure S1a , Supporting Information) suggests that the subdomain IIA of HSA is the avasimibe binding site. 29, 30 In addition, the magnitude of the intensity change suggests that at an avasimibe:HSA molar ratio of 16:1, the binding site is fully occupied by avasimibe.
To further confirm the avasimibe binding site, warfarin ARTICLE was employed as a site I marker. 31 The binding site of warfarin to HSA was designated as site I, located in subdomain IIA near Trp-214. 32 Warfarin showed a fluorescence emission at 390 nm on excitation at 335 nm, and the addition of HSA (at warfarin:HSA molar ratio of 10:1) increased the fluorescence intensity due to warfarin binding to site I in the protein ( Figure S1b) . However, the addition of avasimibe (at avasimibe:HSA molar ratio of 16:1) caused the fluorescence of warfarin to return to its original intensity, indicating a complete replacement of warfarin by avasimibe at the primary binding site of HSA. These data suggest that the binding affinity of avasimibe to HSA is higher than that of warfarin (1.89 Â 10 5 M À1 ). 33 Collectively, these results show that avasimibe strongly binds to HSA and that the binding site is located in subdomain IIA. On the basis of the above results, we prepared a water-soluble avasimibe formulation, referred to as avasimin, using a modified nanoencapsulation method. 34 The optimal loading amount of avasimibe was 10 wt % determined by a turbidity test of avasimin with different drug concentrations ( Figure S2 ). The loading amount (10 wt %) of avasimibe in avasimin was further confirmed using HPLC analysis. The watersolubility of avasimibe and avasimin in PBS was compared using UV scattering at 430 nm ( Figure 1b) . The higher the UV scattering intensity, the more turbid the solution is. The turbidity measurement confirmed that the avasimin formulation increased the watersolubility of avasimibe by up to 10 times. The microscopic image of avasimibe solution showed undissolved and needle-shaped crystals of the drug, whereas the avasimin solution was clear ( Figure S3 ). The TEM image permitted the visualization of the nanosized and spherical morphology of avasimin. High-magnification TEM revealed HSA coating on the surface of avasimin ( Figure 1c ). In addition, the mean diameter, polydispersity, and surface charge of avasimin in PBS were measured to be 169 nm, 0.41, and 0.83 mV, respectively ( Figure S4 ).
Together, these data demonstrate that the avasimin formulation effectively improved the water-solubility of the drug, thus allowing intravenous administration. Cholesteryl Ester Depletion and Cholesterol Cytotoxicity in Cancer Cells Induced by Avasimin. We examined the accumulation of cholesteryl esters in lipid droplets in a panel of aggressive cancer cells and normal cells. By tuning the laser-beating frequency to be resonant with the CÀH stretching vibration, substantial stimulated Raman loss (SRL) signals arose from intracellular lipid droplets. 35 The SRL images showed significant Figure 2c ). Next, we investigated the composition in lipid droplets using confocal Raman spectral analysis. 36 Raman spectra from different lipid droplets in the cancer cells were measured, and then the spectra were averaged to form a single spectrum. As shown in Figure 2d , the Raman spectrum of a lipid droplet in cancer cells exhibited the characteristic band for cholesterol ring vibration at 702 cm À1 . 37 The band at 702 cm À1 disappeared after avasimin treatment (green bar in Figure 2d ). (Figure 2e ). Avasimin treatment significantly reduced the cholesteryl ester level in lipid droplets for all cancer cells. This cholesteryl ester depletion induced by avasimin was also confirmed using mass spectrometry measurement of cholesteryl esters in PC3 and MIA-PaCa2 cells ( Figure S5 ). We then investigated the anticancer effect of avasimin through cell viability measurement. The treatment of cancer and normal cells with avasimin at different concentrations selectively decreased the viability for cancer cells (Figure 3a) . The half maximal inhibitory concentrations (IC 50 ) of avasimin for the cancer cells were significantly smaller than those for normal cells. We confirmed that this anticancer effect was not caused by HSA ( Figure S6 ). Furthermore, by comparison with nonselective cytotoxic effects of conventional chemotherapeutics such as cisplatin and gemcitabine ( Figure S7 ), the selective inhibitory effect of avasimin on cancer proliferation was clearly proved. To elucidate the inhibitory mechanism, we evaluated intracellular free cholesterol levels after avasimin treatment. As shown in Figure 3b , avasimin increased the amount of free cholesterol in the cancer cells by more than 50%. In accordance, we observed a significant number of early and late apoptotic cells in the avasimin-treated group (Figure 3c,d ). This apoptosis is likely induced by the high cholesterol level, which stiffens the endoplasmic reticulum (ER) membrane. 38, 39 Collectively, these data show that avasimin selectively suppressed cancer proliferation by free cholesterolmediated cytotoxicity. Blood-Residence Time and Tumor Bioavailability of Avasimibe Following Intravenous Administration of Avasimin. To measure the bioavailability of avasimibe in blood, avasimin (75 mg/kg, containing 7.5 mg/kg avasimibe) was administered to mice by tail vein injection.
ARTICLE
Avasimibe (15 and 100 mg/kg) were also orally administered to mice as controls. By using liquid chromatographyÀmass spectroscopy (LCÀMS), the plasma avasimibe concentration was measured as a function of time postinjection. A two-compartment pharmacokinetic model was used to fit the plasma concentration profile for intravenous administration of avasimin ( Figure 4a and Table S1 ). The area under curve (AUC) of avasimibe for intravenous administration of avasimin was 136.36 μg 3 h/mL, which was significantly larger than 14.92 μg 3 h/mL and 49.9 μg 3 h/mL for the oral administration of avasimibe at 15 mg/kg and 100 mg/kg, respectively. The distribution half-life and terminal half-life of avasimibe by intravenous administration of avasimin were 0.14 and 1.97 h. These results show that avasimin effectively increased the blood-bioavailability of avasimibe.
Next, we characterized tissue distribution of avasimibe after intravenous administration of avasimin (75 mg/kg, containing 7.5 mg/kg avasimibe) and oral administration of avasimibe (15 mg/kg) to PC3 tumorbearing mice. At 2 h postadministration, the concentrations of avasimibe in tissues, urine and feces were determined using LCÀMS (Figure 4b ). The tumorbioavailability of avasimibe for intravenous administration of avasimin was 17.8 μg/g (34 μM, tumor density: 1.03 g/cm 3 ), which is 4-fold higher than the IC 50 of the drug for PC3 cells (8.5 μM). In contrast, ARTICLE avasimibe was not detectable in the tumor tissue after oral administration. Orally administered drugs are known to be absorbed by the gastrointestinal tract, and then carried to the liver through the hepatic portal vein. 40 Accordingly, most orally administered avasimibe was found in the liver tissue in which ACAT-1 was highly expressed (Figure 4b ). 21 Also, in the oral administration group, a considerable amount of avasimibe was excreted through the feces. These results correspond to the low blood-bioavailability of avasimibe for the oral administration. Together, these results show that intravenous administration of avasimin significantly increased the drug concentration in the tumor by avoiding accumulation in the liver. Antitumor Activity of Avasimin. The inhibitory activity of avasimin against subcutaneously xenografted PC3 and Cell viability was determined following treatment of avasimin at different concentrations (0À100 μg/mL, containing 0À20 μM avasimibe) for 72 h (n = 8). *P < 0.001. IC 50 values of avasimin (containing avasimibe, μM) are 21 μg/mL (8.5 μM) for PC3, 22.5 μg/mL (9 μM) for MIA-PaCa2, 19.5 μg/mL (7.8 μM) for A549, 18.7 μg/mL (7.5 μM) for HCT116, 118.7 μg/mL (47.5 μM) for hVSMC, and 126. 
HCT116 tumors was evaluated. Avasimin (75 mg/kg, containing 7.5 mg/kg avasimibe) and PBS were intravenously administered daily for the first 5 days, followed by intravenous injection once every 4 days. In spite of the difference in growth profiles of PC3 and HCT116 tumors, avasimin notably inhibited both PC3 and HCT116 tumor growth, compared to the control groups that received PBS treatment (Figure 5a ,b and Figure S8 ). Also, the avasimin treatment significantly extended the length of survival time in both tumor models (*P < 0.005, by log-rank test). During the treatment, no obvious body weight change was observed ( Figure S9 ). To evaluate the antitumor efficacy of oral avasimibe, we treated PC3 tumor xenografted mice with avasimibe (15 mg/kg) daily using gavage feeding. However, the orally administered avasimibe did not exhibit antitumor effect compared to the PBS treatment in terms of tumor volume ( Figure S10 ).
We further studied the pharmacodynamics in both tumor models. SRL imaging showed a large amount of Figure 5e ). This result suggests that different environmental conditions can alter lipid accumulation pathways in cancer cells. After repeated avasimin treatment, the cholesteryl ester levels (%) for both PC3 and HCT116 tumors were significantly reduced. The increase (more than 30%) in free cholesterol levels for the tumor treated with avasimin was also determined (Figure 5f ). In addition, TUNEL staining showed a significant number of apoptotic cells in the tumors treated with avasimin, compared to the tumors treated with PBS (Figure 5g,h) . Collectively, the data demonstrate the potency of avasimin as a chemotherapeutic agent for various tumors.
In Vivo Safety Evaluation. We evaluated in vivo toxicity of avasimin through hematological and histological analyses. Avasimin (75 mg/kg, containing 7.5 mg/kg avasimibe) was intravenously injected once every 4 days for 16 days (four injections in total). As a control group, PBS was administered in the same manner. The results of hematology and serum analyses between the avasimin-treated and PBS-treated groups were not significantly different, except for cholesterol levels (Figure 6a and Figure S11 ). The decrease in the blood cholesterol level in the avasimin-treated group was attributed to the reduction of very low density lipoprotein (VLDL) production in the liver mediated by ACAT-1 inhibition. 21 On the other hand, the levels of creatinine and alanine aminotransferase (ALT) for the avasimin-treated group were the same as those of the PBS-treated group, indicating no damage to the kidneys and the liver. The morphology of vital organs was assessed using H&E staining, and no morphological difference was observed between the groups treated with avasimin and PBS (Figure 6b ). Furthermore, we investigated the influences of avasimin treatment on the lipid compositions in the liver and the adrenal glands, two key organs for lipid homeostasis 41 and cholesterol-based hormone synthesis. 42 Between the PBS-treated and avasimin-treated groups, the SRL images exhibited no difference in the amount of lipid droplets in the liver and the adrenal gland cortex (Figure 6c) . Also, Raman spectra of lipid droplets were not significantly different between PBS-treated and avasimin-treated groups (Figure 6d) . Interestingly, the Raman band at 702 cm À1 for the liver tissue was weak, whereas a strong band at 702 cm À1 for the adrenal Figure 6d ). Our results support that the lipid droplets in the liver mainly have triacylglycerol (TG) by hepatic fatty acid de novo synthesis. 43 In contrast, the lipid droplets in the adrenal glands store a large amount of cholesteryl esters for steroid hormone synthesis. 42 Quantitation of the cholesteryl ester level (Figure 6e ) clearly showed no adverse effects of avasimin treatment to the adrenal glands. Together, these results demonstrate the safety of avasimin treatment in mouse models.
DISCUSSION
One big challenge associated with cancer chemotherapy is nonspecific toxicity to normal cells and 
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organs. 44, 45 Conventional chemotherapeutic agents blocking DNA replication and cell division cause toxicity to both cancer and normal tissues. 46À48 Although advances in nanotechnology-based targeted drug delivery have improved the bioavailability of cytotoxic drugs at solid tumors, the majority of the drugs accumulate in normal tissues. 49À51 The toxicity of the drug delivery system has also been an issue. 52À54 The development of prodrugs activated by a cancer-specific enzyme or by the microenvironment has increased the selectivity of drugs. 55, 56 However, adverse effects by the inherent toxicity of the drugs are inevitable.
57À60
Targeting oncogenic protein kinase signaling pathways has reduced the off-targeting effect and nonspecific toxicity. 61, 62 In spite of the benefits, the complicated therapeutic mechanism 63, 64 and the new adverse effects 65,66 of targeted agents limit the clinical outcomes for cancer patients. 67, 68 In this study, we demonstrated an effective approach for selective cancer chemotherapy by targeting the altered cholesterol metabolism in cancer cells. Although previous reports showed great anticancer potential of ACAT-1 inhibitors, 15, 16 there was no method to safely deliver a sufficient amount of inhibitor to the tumor. Furthermore, the pharmacokinetics and pharmacodynamics of the ACAT-1 inhibitor for cancer ARTICLE chemotherapy remain elusive. A major obstacle for delivering ACAT-1 inhibitor was its inherently low water-solubility. 19 Since all ACAT-1 inhibitors were previously administered orally to target hepatic lipoprotein (containing high cholesteryl esters) production for hypolipidemia and antherosclerosis treatments, 17 alternative routes for administration of the inhibitor have not been studied. By using highly biocompatible HSA, we developed a systemically injectable formulation of avasimibe (a potent ACAT-1 inhibitor), referred to as avasimin, for selective cancer chemotherapy. Through pharmacokinetic and pharmacodynamic studies using xenograft tumor models, we demonstrated that intravenous administration of avasimin not only significantly increased the bioavailability of avasimibe in the blood and the tumor by bypassing filtration through the liver, but also notably reduced cholesteryl esters in the tumor tissues. These results show the essentials of intravenous injectable formulation for avasimibe delivery in cancer chemotherapy. We note that our method is applicable for other hydrophobic ACAT-1 inhibitors. By using interaction with HSA, systemically injectable formulations of various ACAT-1 inhibitors can be developed for effective cancer chemotherapy. Also, combination chemotherapy is viable based on our approach. Because HSA has multiple hydrophobic drug binding sites, 26 ACAT-1 inhibitors can be loaded with one or more chemo drugs into the nanoformulation. Cholesterol esterification blockade and free cholesterol elevation by ACAT-1 inhibitors can lead cancer cells to be more vulnerable to an existing chemotherapy, which may reduce not only the dose of the chemotherapy drug, but also associated toxicity. Thus, the combination of an ACAT-1 inhibitor and an existing anticancer drug, both loaded into the HSA formulation, can significantly improve the outcome for cancer patients.
CONCLUSION
We developed a nanoformulation, called avasimin, for intravenous delivery of avasimibe, a potent ACAT inhibitor, to aggressive tumors that store a large amount of cholesteryl ester in intracellular lipid droplets. In cultured cells, avasimin administration induced apoptosis to prostate, lung, colon and pancreatic cancer cells, but not to normal cells. In xenograph models of prostate cancer and colon cancer, intravenous administration of avasimin exhibited strong anticancer effect without toxicity to normal organs. These data together provide a new platform for treating aggressive cancer by targeting the altered cholesterol metabolism.
EXPERIMENTAL SECTION
Characterization of Interaction between Avasimibe and HSA. Avasimibe solution (0À0.02 mg in 10 μL of ethanol) was added to HSA solution (0.08 mg in 990 μL of deionized water). The final molar concentrations of avasimibe and HSA were 0À40 and 1.2 μM, respectively. After incubation for 1 h at room temperature, circular dichroism (CD) spectra of the avasimibe-HSA solutions were measured using a JASCO J-810 spectropolarimeter (Tokyo, Japan) at 25°C under a constant nitrogen flow. A quartz cell of 1 mm path length was used for spectrum measurement (190À260 nm). The spectra were collected with a data pitch of 1 nm, a scan speed of 10 nm per minute, and bandwidth of 1 nm. Each spectrum was the average of three scans.
To find the binding site of avasimibe on HSA, fluorescence emission spectrum change of tryptophan (Trp-214) in HSA by adding avasimibe was measured using a fluorescence spectrometer (SpectraMax M5, Molecular Devices, CA) with excitation at 280 nm and emission scanning from 300 to 450 nm at 25°C.
Also, in order to determine the avasimibe binding to the drug binding site I on HSA, competitive binding assay using warfarin was performed. 29 Warfarin solution (0.004 mg in 10 μL of ethanol) was mixed with HSA solution (0.08 mg in 980 μL of deionized water), and the solution was incubated for 1 h at room temperature. Avasimibe (0.01 mg in 10 μL of ethanol) was added to the warfarin-HSA solution. The warfarin, warfarin-HSA, warfarin-HSAþavasimibe solutions had the same mixed solvent composition of ethanol (20 μL) and water (980 μL). Fluorescence emission spectra of warfarin in the solutions were measured with excitation at 335 nm and emission scanning from 355 to 550 nm at 25°C.
Formulation and Characterization of Avasimin. Avasimin was prepared using a modified nanoencapsulation method with HSA as a stabilizer. 34 In brief, avasimibe solution (1À2 mg in 1 mL of ethanol) was added to HSA solution (4 mg in 4 mL of PBS), and then the solution was incubated at 4°C for 8 h. Untrapped avasimibe and ethanol were removed by dialysis (MWCO 12À14 kDa) against excess deionized water for 1 day and centrifugation (Â1600g, 10 min). The resulting solutions were lyophilized.
The loading amount of avasimibe in avasimin was measured by using liquid chromatography (LC) (Agilent 1200 HPLC). A Zorbax SB-C18 2.1 Â 50 mm, 1.8 μm column (Agilent) was used. The mobile phase consisted of water with 5 mM ammonium acetate (Buffer A) and 90% acetonitrile with 5 mM ammonium acetate (Buffer B) was delivered at a flow rate of 0.3 mL/min. The sample injection volume was 10 μL. The retention time of the analyte (avasimibe) was 7.9 min.
The size distribution of avasimin (at 1 mg/mL of PBS) was characterized using dynamic light scattering (DLS) (90Plus, Brookhaven Instruments Co., NY) at 633 nm at 25°C. The zeta-potential of avasimin (at 1 mg/mL of PBS) was also measured using a zeta-potential analyzer (ZetaPlus, Brookhaven Instruments Co., NY). The turbidities of avasimibe and avasimin solutions containing different concentrations of avasimibe (0À1 mg/mL of PBS) were measured by UV absorption at 430 nm. The morphologies of avasimibe, avasimin, and HSA in PBS or distilled water were observed using an FV1000 confocal system (Olympus, Tokyo, Japan) and transmission electron microscopy (TEM) (CM200 electron microscope, Philips, OR).
Cell Culture. Cells were cultured at 37°C in a humidified atmosphere containing 5% CO 2 and grown continuously in the following media: PC3 and A549 in F-12K supplemented with 10% FBS, MIA-PaCa2 in RPMI1640 supplemented with 10% FBS, HCT116 in McCoy's 5A supplemented with 10% FBS, hVSMC in Medium 231 supplemented with 10% FBS, and BR5 in DMEM supplemented with 10% FBS. Coverslip-bottomed Petri dishes (MatTek, Ashland, MA) were used for high-resolution imaging.
Label-Free Raman Spectromicroscopy. Label-free Raman spectromicroscopy was performed on live cells and tissue slices (∼20 μm) without any staining process. SRL imaging was performed on a femtosecond SRL microscope, with the laser-beating ARTICLE frequency tuned to the CÀH stretching vibration band at 2845 cm
À1
, as described previously. 35 Compositional analysis of individual lipid droplets was performed by integration of high speed coherent anti-Stokes Raman scattering (CARS) imaging and confocal Raman spectral analysis on a single platform. 36 For CARS imaging and Raman spectra measurements of lipid droplets, the pump and Stokes lasers were tuned to 707 nm (14 140 cm
) and 885 nm (11 300 cm À1 ), respectively, to be in resonance with the CH 2 symmetric stretch vibration.
With the SRL images, lipid droplet area (%) in a single cell was determined using ImageJ with "Threshold" and "Analyze Particles" functions. Raman spectra from different lipid droplets in the cancer cells were measured, and then the spectra were averaged to form a single spectrum. To determine cholesteryl ester molar percentage (%) in lipid droplets, the height ratio (I 702 /I 1442 ) of the 702 cm À1 peak to the 1442 cm À1 peak in the Raman spectra was calculated, and the equation (I 702 /I 1442 = 0.00255 Â cholesteryl ester molar percentage (%)) generated from the cholesteryl ester calibration curve in our previous report 7 was employed.
Mass Spectrometry Measurement of Cholesteryl Esters. PC3 and MIA-PaCa2 cells were incubated with PBS and avasimin (25 μg/mL, containing 5 μM avasimibe) for 24 h. The cells were counted and collected by centrifugation. Lipid extraction from collected cell pellets was performed as reported previously. 69 In brief, the cells were resuspended in 200 μL of PBS. Methanol (1.5 mL) and chloroform (3 mL) were added to the cell solution, and incubated for 1 h at room temperature under gentle shaking. After adding water (1.25 mL), the solution was centrifuged (Â1000g, 10 min). The lower phase was collected and dried under vacuum. The sample was stored at À20°C, and dissolved in 200 μL of chloroform/methanol/water (60:30:4.5, v/v/v) just before analysis. The lipid samples were mixed with ammonium acetate to form an ammonium adduct ions. Next, electrospray ionization mass spectrometry (ESI-MS) analysis was conducted according to the previous protocol. 70 Free Cholesterol Quantification. The cells were incubated with PBS and avasimin (25 μg/mL, 5 μM avasimibe) for 48 h. The cells were counted and collected by centrifugation. For the tumor tissues, tumors were homogenized to make tissue solution. Lipids were extracted from the cell pellets and tumor tissue solutions as described above. Free cholesterol was quantified using a Cholesterol Quantitation Kit (Abcam).
Cell Viability Assay. The cells were incubated with PBS, avasimin (0À100 μg/mL, containing 0À20 μM avasimibe), HSA (80 μg/mL), cisplatin (0À40 μM), and gemcitabine (0À0.4 μM) for 72 h. Cell viability was measured by Thiazolyl Blue Tetrazolium Blue (MTT) colorimetric assay.
Fluorescent Imaging of Apoptotic Cells. The cells were treated with PBS and avasimin (25 μg/mL, containing 5 μM avasimibe) for 48 h. Apoptotic cells were stained by Annexin V-FITC and propidium iodide (PI). Fluorescent imaging was performed using FV1000 confocal system (Olympus, Tokyo, Japan) equipped with Argon (488 nm) and HeNe (543 nm) lasers and a 40Â water objective. Fluorescent images of apoptotic cells were acquired with 488 and 543 nm excitations and spectral filters of 500À530 nm and 555À655 nm for Annexin V-FITC and PI detections, respectively.
Animal Models. All protocols for this animal study were approved by the Purdue Animal Care and Use Committee. PC3 or HCT116 cancer cells (2 Â 10 6 cells) were mixed with an equal volume of Matrigel (BD Bioscience) and inoculated subcutaneously into the right flank of 6-week-old male athymic nude mice (Harlan Laboratories).
Bioavailability of Avasimibe in Blood and Tissues. To compare the blood-bioavailability of avasimibe for oral and intravenous administrations, avasimibe solutions in PBS (15 and 100 mg/kg) were orally administered to nude mice without tumors (n = 3) using a plastic feeding tube (20 GA Â 38 mm). Avasimin solution in PBS (75 mg/kg, containing 7.5 mg/kg avasimibe) was intravenously administered to nude mice without tumor (n = 3) through the tail vein. Blood samples (2 μL) were collected from the dorsal pedal vein at different time points postadministration. The blood sample was mixed with K3-EDTA (0.2 μL, an anticoagulation agent), warfarin solution (5 ng in 1 μL of deionized water, an internal standard), and DTT (40 μg in 0.5 μL of PBS, a reducing agent). To extract avasimibe, acetone (6 μL) was added to the blood solution, vortexed, and then the solution was centrifuged (Â5000g, 5 min). The supernatant (6 μL) was collected and dried under vacuum. The sample was stored at À20°C, and dissolved in 50 μL of methanol just before analysis. A linear standard curve of avasimibe in blood ranging of 0.01À100 μg/mL was created using the same extraction method described above. Avasimibe concentration was determined using a liquid chromatographyÀmass spectroscopy (LCÀMS) (Agilent 1200 HPLC-Agilent 6460 QQQ mass spec). A Zorbax SB-C18 2.1 Â 50 mm, 1.8 μm column (Agilent) was used. The mobile phase consisted of water with 5 mM ammonium acetate (Buffer A) and 90% acetonitrile with 5 mM ammonium acetate (Buffer B) was delivered at a flow rate of 0.3 mL/min. The sample injection volume was 10 μL. The retention times of the analyte (avasimibe) and the internal standard (warfarin) were 7.9 and 6.6 min, respectively. To detect avasimibe, the mass spectrometer was operated in the multiple-reaction monitoring (MRM) mode, and was set to select the precursor-product ion transitions of m/z 500.1 f 177.0 and m/z 307.0 f 161.1 for avasimibe and warfarin, respectively.
The data set was fit to a two-compartment pharmacokinetic model for avasimibe profile (R 2 = 0.99):
On the basis of this model, pharmacokinetic values for avasimibe delivered by intravenous administration of avasimin were determined including the initial volume of distribution, V 0 :
The plasma clearance, Cl plasma :
The area under curve, AUC:
The lifetime for one-compartment model, t 1/2 :
The terminal half-time for two-compartment model, t 1/2,term :
And the distribution half-time for two-compartment model, t 1/2,dist :
The terminal and distribution half-times for intravenous administration of avasimin were measured using the equations above, described in a previous report. 71 To measure the bioavailability of avasimibe in tissues, avasimin solution in PBS (75 mg/kg, containing 7.5 mg/kg avasimibe) was intravenously administered to PC3 tumor xenograft nude mice (n = 3) through the tail vein. Avasimibe solutions in PBS (15 mg/kg) was also orally administered to PC3 tumor xenograft nude mice (n = 3). At 2 h postinjection, the mice were sacrificed, and the tissues and urine were harvested and weighed. After adding PBS (100 μL per 100 μg of tissue), the tissues were homogenized using a bead-based homogenizer (Precellys24, Bertin Technologies). Avasimibe was extracted from the homogenized tissue solution according to the same procedure used in avasimibe extraction from blood sample. Avasimibe in the tissue, urine, and feces specimens was quantified by LCÀMS using the same conditions as the blood-bioavailability study. The amounts of avasimibe were quantitatively determined based on the calibration curve of avasimibe in blood.
Antitumor Effects. Antitumor effect of avasimin was evaluated by measuring the tumor volume and survival length. After reaching a tumor volume of 30À50 mm 3 14 and 7 days post PC3 and HCT116 cancer cell implantations respectively, PC3 and ARTICLE HCT116 tumor xenograft mice were randomized into two groups (n = 8 per PBS or avasimin group). The mice received avasimin (75 mg/kg, containing 7.5 mg/kg avasimibe) and PBS by intravenous injection daily for the first 5 days, followed by intravenous injection once every 4 days. To evaluate the antitumor effect of oral avasimibe, the PC3 tumor xenografted mice were treated with avasimibe (15 mg/kg, in PBS) and PBS daily by gavage feeding (n = 4 per PBS or avasimibe group). The body weight of the mice was monitored during the treatment. Tumor volume was measured as follows:
where a and b represent the major and minor axes of a tumor, respectively. The lengths of the axes were measured using a caliper. When tumor volume reached over 10% of body weight, mice were sacrificed and tumors were harvested for tissue analysis. TUNEL and DAPI Staining. The tumor tissues were fixed in 10% neutral buffered formalin for at least 48 h, embedded into paraffin, sectioned at 5 μm thickness. The sections were stained with terminal deoxynucleotidyl transferase (TdT) and 4,6-diamidino-2-phenylindole (DAPI) according to the protocol of in situ cell death detection kit (Roche).
In Vivo Safety Evaluation. Nude mice without tumors received avasimin (75 mg/kg, containing 7.5 mg/kg avasimibe) and PBS by intravenous injection once every 4 days for 16 days (four injections in total). The mice were sacrificed, blood and organs were collected. Complete blood count (CBC) and serum analyses were performed by Antech Diagnostics. The organs were fixed in 10% neutral buffered formalin for at least 48 h, embedded into paraffin. Sections of 5 μm thickness were stained with hematoxylin and eosin in Purdue University Histopathology Lab. The slides were then examined on a Nikon microscope equipped with a charge-coupled device camera.
Statistical Analysis. Statistic values are expressed as mean ( SD, and statistical comparisons between groups were made using one-way ANOVA and Student's t test. For the KaplanÀ Meier survival analysis, a log-rank test was performed. P value of <0.05 was considered statistically significant.
